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We present measurements of the branching fractions for the charmless two-body decays B 0 ^  
n+n-  and B 0 ^  K + n - , and a search for the decay B 0 ^  K  + K - . We include the effects of final- 
state radiation from the daughter mesons for the first time, and quote branching fractions for the
4inclusive processes B 0 ^  h+ h' « 7 , where h and h' are pions or kaons. The maximum value of the 
sum of the energies of the n  undetected photons, EY“ax, is mode-dependent. Using a data sample 
of approximately 227 million T(4S') —>■ B B  decays collected with the BABAR detector at the PEP-II 
asymmetric-energy e+e-  collider at SLAC, we measure:
B(B0 ^  n + n -  n 7 ; E max =  150MeV) =  (5.1 ±  0.4 ±  0.2) x 10- 6 ,
B(B0 ^  K + n -  « y ; E max =  105MeV) =  (18.1 ±  0.6 ±  0.6) x 10-6 ,
B (B 0 ^  K + K -  «y; E max =  59 MeV) < 0.5 x 10-6 (90% confidence level),
where the first uncertainty is statistical and the second is systematic. Theoretical calculations can 
be used to extrapolate from the above measurements the non-radiative branching fractions, B0. 
Using one such calculation, we find:
B0(B0 ^  n + n - ) =  (5.5 ±  0.4 ±  0.3) x 10- 6 ,
B0(B0 ^  K + n - ) =  (19.1 ±  0.6 ±  0.6) x 10-6 ,
B0(B0 ^  K + K - ) < 0.5 x 10-6 (90% confidence level).
Meaningful comparison between theory and experiment, as well as combination of measurements 
from different experiments, can be performed only in terms of these non-radiative quantities.
PACS num bers: 13.25.Hw, 12.15.Hh, 11.30.Er
Charm less hadronic tw o-body B  decays to  pions and 
kaons provide a w ealth of inform ation on C P  violation 
in the  B  system , including all angles of the u n ita rity  tr i­
angle. The tim e-dependent C P  asym m etries in the nn  
system  can be used to  estim ate the angle a  [1]; the decay 
rates for the K n  channels provide inform ation on 7 [2]. 
Recently, direct C P  violation in decay was established in 
the  B  system  through observation of a significant ra te  
asym m etry between B °  —>■ K +n~  and B °  —>■ K ~ tt+ de­
cays [3, 4]. As B  physics experim ents accum ulate much 
larger d a ta  sets, charmless tw o-body B  decays will con­
tinue to  play a fundam ental role in testing  the s tan ­
dard  model description of C P  violation. M easurem ents 
of branching fractions for all the charmless tw o-body de­
cays are invaluable in testing  the various theoretical ap­
proaches to  the underlying hadron dynam ics [5]. We 
present m easurem ents of branching fractions for the  de­
cays B 0 ^  n + n -  and K + n -  [6], and a search for the 
decay B 0 ^  K + K -  using a d a ta  sam ple about 2.5 times 
larger th an  th a t used for the  m ost precise, previously 
published m easurem ents [7, 8, 9] of these quantities.
As radiative corrections have already proved to  be im­
p o rtan t in precise determ inations of interesting quantities 
in the  context of kaon physics [10], we account for them  
in th is analysis as well. We can relate the observable 
decay rates T hh> (EY”ax) for B 0 ^  h+ h - nY (and thus 
the branching fractions) to  the theoretical non-radiative 
w idths r h h, , using the energy-dependent correction fac­
*Also a t L aborato ire  de Physique C orpusculaire, Clerm ont- 
Ferrand, France
t Also w ith U niversità  di Perugia, D ipartim ento  di Fisica, Perugia, 
Italy
* Also w ith U niversità  della B asilicata, Potenza, Italy
to rs G hh' (E max; m) [11]
r hh>(E max) =  r ( B 0 ^  h + h - n 7 ) |p E y<sr *
=  r h h  (m) Ghh' (Emax; m), (1)
where E max is the  m axim um  value allowed for the sum  of 
the undetected  photon energies and m is the renorm aliza­
tion  scale a t which r h h' and G hh' (EJ1“ ) are calculated 
(the product being independent of m). E x trac ting  r h h' 
allows a more m eaningful com parison w ith theoretical 
calculations and also between different experim ental re­
sults. Additionally, for E max a t the  kinem atic lim it, G 
approaches un ity  (to order aQ ED /n), so th a t  the r h h' , 
and the corresponding branching fractions, can be in ter­
p reted  theoretically  in a cleaner way.
The d a ta  sample used for this analysis contains 
(226.6 ±  2.5) x 106 T(4S') —>■ B B  decays collected by 
the BABAR detector [12] a t the  SLAC P E P -II e+ e-  
asym m etric-energy storage ring. The prim ary  detector 
com ponents used in the analysis are a charged-particle 
tracking system  consisting of a five-layer silicon vertex 
detector and  a 40-layer drift cham ber surrounded by a 
1.5-T solenoidal m agnet, an electrom agnetic calorime­
ter com prising 6580 CsI(Tl) crystals, and a dedicated 
particle-identification system  consisting of a detector of 
internally  reflected Cherenkov light providing a t least 3 a  
K - n  separation  over the range of labora to ry  m om entum  
relevant for this study  (1.5-4.5 GeV/c).
The d a ta  sample used in th is analysis is sim ilar to  th a t 
used in the BABAR m easurem ents of direct C P  violation in 
B 0 ^  K + n -  [3] and tim e-dependent CP-violating asym­
m etry  am plitudes S nn and Cnn in B 0 ^  n + n -  [13] (the 
reader is referred to  those references for further details of 
the analysis technique). Event selection criteria are iden­
tical to  those used in the C P  analyses [3, 13], except th a t 
we remove the requirem ent on the  difference in the  decay 
tim es (A t) between the two B  mesons in order to  mini-
5Mode MC QED calculation
n + n - 89.8 ±0.1 88.8 ±0 .5
K+ n - 92.4 ±  0.1 91.7 ±  0.5
K + K - 94.7 ±0.1 94.7 ±0 .5
lowed to ta l energy of the photons, E The chosen
TABLE I: Percentage of events with |AE| < 150 MeV and 
photon energy below the cut-off (2.6 MeV) in the Monte Carlo 
simulation, as given by the (see Tab. I) simulation and by the 
QED calculation described in the text.
mize system atic uncertainties on the branching fraction 
m easurem ents.
We identify B 0 ^  h + h / -  (h, h/ =  n  or K ) candidates 
w ith selection requirem ents on track  and Cherenkov an­
gle (0c) quality, B  decay kinem atic variables, and event 
topology. The final sam ple contains 69264 events and 
is defined by requirem ents on two kinem atic variables: 
(1) the difference A E  = E*B — a /s /2  between the  recon­
structed  energy of the B  candidate in the  e+ e-  center- 
of-mass (CM) frame and a /s /2 ; and (2) the beam -energy 
substitu ted  m ass toes =  v / (s /2  +  p i ■ P b ) 2/ E 2 -  PB 2. 
Here, a/s is the to ta l CM energy, and the B  momen­
tu m  p B and  the four-m om entum  (E i , p i) of the  e+ e-  
initial s ta te  are defined in the labora to ry  frame. To sim­
plify the analysis, we use the pion m ass for all tracks 
in the track  reconstruction  and the calculation of the 
kinem atic variables. We select those B  candidates w ith 
|A E | <  150MeV, and 5.20 <  toEs <  5.29GeV/c2.
The efficiencies of the selection criteria  are determ ined 
in samples of GEANT-4 based [14] M onte Carlo (MC) sim­
ulated  signal decays, where we include the effects of elec­
trom agnetic rad iation  from the final-state charged p a rti­
cles using the  PHOTOS sim ulation package [15].
We com pare the perform ance of our sim ulation w ith 
a scalar QED calcu lation[11] resum m ed to  all orders of 
« qED . Among events selected by the |A E | <  150 MeV 
requirem ent, the MC sim ulation and Ref. [11] predict dif­
ferent fractions of events w ith photons w ith energy be­
low 2.6 MeV, the soft photon energy cut-off used in our 
sim ulation (see Tab. I ) . We therefore reweight the  A E  
d istributions for each mode to  account for th is differ­
ent fraction of rad iating  events and use these reweighted 
d istributions in the final m axim um  likelihood fit. The 
difference in event yields obtained w ith the original dis­
tribu tions and w ith the reweighted ones is used to  evalu­
ate the  associated system atic error, and it is found to  be 
negligible.
As explained in Ref. [11], while taking into account ra­
diative corrections, one needs to  be careful to  quote the 
results in such a way th a t the rad iation  effects can be 
disentangled. In principle, it would be necessary to  se­
lect B  candidates w ith a specified m axim um  am ount of 
0(100M eV ) photon energy in the  final s ta te , a quan tity  
th a t is difficult to  reconstruct w ith the BABAR detector. 
Instead, we define our d a ta  sample by selecting on A E , 
an observable th a t can be related  to  the m axim um  al­
A E  window allows for the  presence of rad ia ted  photons 
w ith to ta l energy up to  150 MeV +  (A E ), where the  av­
erage value of A E , (A E ), differs for each mode, due to  
the pion mass hypothesis being assigned to  all tracks. As 
the n + n -  events are centered a t A E  ~  0 MeV, while the 
K + n -  and  K  + K -  distribu tions are shifted by - 4 5  MeV 
and -9 1  MeV, respectively, the  corresponding energy re­
quirem ents on the rad ia ted  photons are E max =  150, 
105 and  5 9 MeV for n + n - , K + n - , and K + K - , respec­
tively. The sm earing of A E  due to  finite m om entum  res­
olution leads to  a small difference between the  num ber of 
events th a t satisfy the A E  requirem ent and the num ber 
of events th a t satisfy an equivalent E max requirem ent. 
We use the MC sim ulation to  evaluate the associated 
system atic error on the branching fractions from th is dif­
ference.
In addition to  signal n + n - , K + n - , and (possibly) 
K + K -  events, the selected d a ta  sample includes back­
ground from the process e+e-  ^  qq (q =  u, d, s, c). Ac­
cording to  the MC sim ulation, backgrounds from other 
B  decays are small relative to  the signal yields (<  1%), 
and are trea ted  as a system atic uncertainty. We use an 
unbinned, extended maxim um -likelihood (ML) fit to  ex­
tra c t sim ultaneously signal and background yields in the 
three topologies (nn, K n , and K K ). The fit uses the 
discrim inating variables m ES, A E , the  Cherenkov angles 
of the  two tracks, and a Fisher discrim inant F , based on 
the m om entum  flow relative to  the  h + h /-  th ru s t axis of 
all tracks and clusters in the event, excluding the h + h /-  
pair, as described in Ref. [7]. The likelihood for event j  is 
obtained by sum m ing the product of the  event yield N i 
and probability  P i over the  signal and background hy­
potheses i. The to ta l likelihood for a sample of N  events 
is
£ = w i exp( - E ^ ) nN ! (2)
The probabilities P i are evaluated as the product 
of the probability  density functions (PD Fs) w ith pa­
ram eters d i , for each of the independent variables 
Xj =  {m ES, A E , F , 0+, 0- }, where 0+ and are the 
Cherenkov angles for the  positively- and negatively- 
charged tracks, respectively. We check th a t the  variables 
are alm ost independent. The largest correlation between 
the Xj is 13% for the pair (m ES, A E ), and we have con­
firmed th a t it has a negligible effect on the fitted yields. 
For bo th  signal and background, the  K y i e l d s  are 
param eterized as N K =  N Kn (1 T  ) /2 , and we 
fit d irectly  for the  to ta l yield N Kn and the asym m etry 
A K n. The result for A Kn is used only as a consistency 
check and does no t supersede our previously published 
result [3].
The eight param eters describing the background 
shapes for m ES, A E , and F  are allowed to  vary freely 
in the ML fit. We use a threshold function [16] for m ES 
(one param eter), a second-order polynom ial for A E  (two
6TABLE II: Summary of results from the ML fit for the yields. 
The subscript b refers to background. For the nominal fit, we 
use a double Gaussian for the signal A E  PDF, as described in 
the text. We also show, for comparison purposes, the results 
using a single Gaussian, which corresponds to an analysis that 
ignores FSR effects.
Parameter Nominal Fit Ignoring FSR
A U 485 ±  35 469 ±  34
N k -k 1656 ±  52 1634 ±  52
A Kn -0.136 ±  0.030 -0.135 ±  0.030
N k k 3 ±  13 5 ±  13
N bnn 32983 ±  194 32998 ±  194
N bKn 20778 ±  169 20801 ±  169
A bKn 0.002 ±  0.008 0.002 ±  0.008
N bKK 13358 ±126 13356 ± 126
param eters), and a sum  of two G aussian distributions for 
F  (five param eters). For the signal shape in m ES, we use 
a single G aussian d istribu tion  to  describe all three chan­
nels and  allow the m ean and w idth to  vary in the  fit. 
For A E , we use the sum  of two G aussian distributions 
(core +  tail), where the core param eters are common to 
all channels and are allowed to  vary freely, and the tail 
param eters are determ ined separately  for each channel 
from the reweighted MC sim ulation (explained above), 
and fixed in the  fit. For the signal shape in F , we use 
an asym m etric G aussian function w ith different w idths 
below and above the mean. All three param eters are de­
term ined from MC sim ulation and fixed in the  maximum- 
likelihood fit. The 0c PD Fs are obtained from a sample 
of approxim ately 430000 D*+ ^  D 0n+ (D 0 ^  K - n+) 
decays reconstructed  in data , where K - /n +  tracks are 
identified th rough  the charge correlation w ith the n+ 
from the D*+ decay. We construct the PD Fs separately 
for K  +, K - ", n + , and n  tracks as a function of mom en­
tu m  and polar angle using the m easured and expected 
values of 0c, and its uncertainty. We use the same PD Fs 
for tracks in signal and background events.
Table II sum m arizes the fitted  signal and  background 
yields, and K n  charge asym m etries. We find a value of 
A Kn consistent w ith our previously published result [3], 
and a background asym m etry consistent w ith zero. The 
signal yields are slightly higher th an  the values reported  
in Ref. [3] due to  the removal of the A t selection require­
m ent and the addition of the  radiative ta il in the signal 
A E  PD F. In order to  quantify  the effect of FSR  on the 
fitted  yields, we perform  a second fit using a single G aus­
sian for the A E  PD F, allowing the m ean and w idth to  
vary. The results are shown in the second column of Ta­
ble II, where we find th a t ignoring FSR  lowers the nn  
yield by 3.4% and  the K n  yield by 1.3%.
As a crosscheck, in Fig. 1 we com pare the PD F shapes 
(solid curves) to  the d a ta  using the event-weighting tech­
nique described in Ref. [17]. For each plot, we perform  a 
fit excluding the variable being p lo tted  and use the fitted 
yields and covariance m atrix  to  determ ine the relative
TABLE III: Summary of relative systematic uncertainties on 
signal yields. For the K+ K -  yield we show the absolute 
uncertainty. The total uncertainties are calculated as the sum 
in quadrature of the individual contributions.
Source iy+iy (%) K +ty (%) K +K  (events)
mES 0.2 0.4 1.3
A E 0.1 0.0 0.3
signal F 2.9 1.5 2.8
bkgd F 0.5 0.2 5.9
6c quality 0.2 0.1 0.4
Fit bias 2.2 0.9 1.3
B  bkgd 0.8 0.2 < 0.1
Total 3.8 1.8 6.8
probability  th a t an event is signal or background. The 
d istribu tion  is norm alized to  the  yield for the  given com­
ponent and can be com pared directly  to  the assum ed 
P D F shape. We find excellent agreem ent between the 
d a ta  and the PD Fs. Figure 2 shows the likelihood ra ­
tio  / ^  Li for all 69264 events in the fitted sample, 
where is the likelihood for a given signal hypothesis, 
and the sum m ation in the denom inator is over all sig­
nal and background com ponents in the  fit. We find good 
agreem ent between d a ta  (points w ith error bars) and the 
d istributions obtained by d irectly  generating events from 
the PD Fs (histogram s).
System atic uncertain ties on the branching fractions 
arise from uncertainties on the selection efficiency, sig­
nal yield, and num ber of B B  events in the sample. Un­
certa in ty  on the efficiency is dom inated by track  recon­
struction  efficiency (1.6%) and by the uncertain ty  on FSR  
(1.3% for nn , 1.4% for K n  and  2.9% for K K ), which is 
evaluated assum ing 100% uncerta in ty  on the sm earing 
effect on A E .
O ther system atic uncertainties on selection efficiency 
are those due to  requirem ents on the quality  of the 0c 
m easurem ent (1.0% for nn , 0.8% for K n  and 0.5% for 
K K ) and on event topology (1.1%). U ncertain ty  on the 
fitted  signal yields is dom inated by the shape of the sig­
nal PD F for F  (2.9% for nn , 1.5% for K n ) and potential 
bias (2.2% for nn , 0.9% for K n ) in the  fitting technique, 
as determ ined from large samples of M C-sim ulated sig­
nal events and a large ensemble of pseudo-experim ents 
generated from the PD F shapes. U ncertainties due to  
im perfect knowledge of the PD F shapes for m ES, A E , 
and 0c are all less th an  1%. Tables III and IV sum m a­
rize the  uncertain ties on the signal yields and branching 
fractions, respectively.
Table V sum m arizes the  results for the charge-averaged 
branching fractions. For com parison, we use the efficien­
cies and signal yields determ ined under the  assum ption 
of no FSR  and find B (B 0 ^  n + n - ) =  5.0 x 10-6  and 
B (B 0 ^  K + n - ) =  18.0 x 10- 6 , which are consistent 
w ith our previously published results [7]. We determ ine 
the upper lim it for the signal yield for K + K -  using a
7mES (GeV/c ) A E (GeV)
C(D><DT3<D
J=
-2 0 2 
Fisher Discriminant
mES (GeV/c2) A E (GeV) Fisher Discriminant
FIG. 1: Data distributions (points with error bars) of m ES, A E , and F  for signal n + n -  (a,b,c), signal K + n -  (d,e,f) and 
background for the three channels (g,h,i), using the weighting technique described in the text. Solid curves represent the 
corresponding PDFs used in the fit. The distribution of A E  for signal K +n -  events is shifted due to the assignment of the 
pion mass for all tracks.
TABLE IV: Summary of relative systematic uncertainties on 
yields, efficiencies, and number of B B  pairs. For the K + K ~  
yield we show the absolute uncertainty. The total uncertain­
ties are calculated as the sum in quadrature of the individual 
contributions.
Source 7 T + 7T K +iv~ K + K ~
yields 3.8% 1 . 8 % 6.8 events
efficiency 2.5% 2.5% 3.5%
N bb 1 . 1 % 1 . 1 % 1 . 1 %
Total 4.7%, 3.3% see text
Bayesian procedure th a t assumes a flat prior on the num ­
ber of events. The upper lim it is given by the value of 
N 0 for which / 0N° L max d N / J0° L max dN  =  0.90, corre­
sponding to  a one-sided 90% confidence interval. Here, 
L max is the  likelihood as a function of the K  + K -  yield N , 
m axim ized w ith respect to  the rem aining fit param eters. 
We find N 0 =  25.4, and the upper lim it on the branching 
fraction is calculated by increasing the signal yield up­
per lim it and reducing the efficiency by their respective 
to ta l errors (Table IV ). For the  purpose of combining 
w ith m easurem ents by o ther experim ents, we also evalu­
ate the  central value for the branching fraction and find 
B (B 0 ^  K + K - n 7 ) =  (4 ±  15 ±  8) x 10- 8 .
A lthough we cannot d irectly  m easure the non-
8FIG. 2: (Color online) Distribution of the likelihood ratio L S/  L i , where L S is the likelihood for each event to be a signal 
n +n -  (left), K+ n -  (middle), or K  + K -  (right) event. The points with error bars show the distribution obtained on the fitted 
data sample, while the histograms show the distributions obtained by generating signal (dark shaded, red) and background 
(light shaded, yellow) events directly from the PDFs.
TABLE V: Summary of branching fraction results. We give 
signal yields N s , total detection efficiencies (e) and branching 
fractions Bey , where the subscript E 7 serves as a reminder of 
the dependence on the cut on soft photon energy as explained 
in the text. The errors are statistical and systematic, respec­
tively, and the upper limit on B 0 ^  K  + K -  nY corresponds 
to the 90% confidence level.
M S  N~s 7J%j Be ^( 10“ °)
7T+7T“ 485 ± 3 5  ± 1 8  41.8 ± 0 .2  ± 1 .0  5.1 ±  0.4 ± 0 .2
K  + n -  1656 ±  52 ±  30 40.5 ±  0.2 ±  1.0 18.1 ±  0.6 ±  0.6
K +K ~  3.2 ±12.9 ±  7 39.0 ±  0.3 ±  1.4 < 0.5 (90% C.L.)
radiative, or “bare” branching fractions, due to  the  in­
trinsic and unavoidable features of QED, they can be 
ex trapolated  from our m easurem ents by employing th e ­
oretical calculations, such as those found in Ref. [11]. 
The results for these bare branching fractions for the 
three channels are shown in Table VI, and the central 
value for the bare K + K -  branching fraction is B0 (B 0 ^  
K + K - ) =  (4 ±  15 ±  8) x 10- 8 . We stress the  im portance 
of being able to  disentangle rad iation  effects from the ex­
perim ental m easurem ents, as a m eaningful com parison 
between theory  and experim ent can be perform ed only 
in term s of the  bare quantities. Likewise, bare quanti­
ties should be used when combining m easurem ents from 
different experim ents.
In  summary, we have presented updated  m easurem ents 
of charge-averaged branching fractions for the  decays 
B 0 ^  n + n -  and B 0 ^  K + n - , w ith FSR  effects taken 
into account. We find th a t the  branching fractions are 
a few percent higher when the effect of FSR is included 
in the calculation of the efficiency and signal yield de­
term ination. This difference should be taken into ac­
count when com paring w ith previous m easurem ents of
these quantities [7, 8 , 9 , 18] th a t do not include these 
effects. In order to  perform  the m ost meaningful com-
TABLE VI: Summary of experimental branching fractions, 
Bey , with a defined cut on soft photon energy, together with 
the electromagnetic correction factor G(EYmax) and the eval­
uated “bare” branching fractions (non radiative), B0. The 
errors on branching fractions are statistical and systematic 
respectively; the error on G(EYmax) is taken as the difference 
between its value at ^  =  Mn and ^ =  Mp.
Mode Be ,{  10“ °) G(E™ax) 5 U(10“ °)
n + n - 5.1 ± 0 .4  ±0 .2 0.937 ±  0.005 5.5 ± 0 .4  ± 0 .3
K  + n - 18.1 ±  0.6 ±  0.6 0.947 ±  0.005 19.1 ±  0.6 ±  0.6
K+ K~ < 0.5 (90% C.L.) 0.952 ±  0.005 < 0.5 (90% C.L.)
parison, we also evaluated the  bare branching fractions 
for the  three channels, as explained in Ref. [11]. Our 
results are consistent w ith current theoretical estim ates 
from different models [5]. We find no evidence for the 
decay B 0 ^  K + K -  and set an upper lim it of 5.0 x 10-7  
a t the 90% confidence level.
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